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Abstract
In 2002 over a million refrigerated road vehicles, 400,000 refrigerated containers and many thousands of other forms of refrigerated transport system are used to distribute chilled and frozen foods throughout the world.  All these transportation systems are expected to maintain the temperature of the food within close limits to ensure its optimum safety and high quality shelf life.
Increasingly modelling is being used to aid the design and optimisation of food refrigeration systems.  Much of this effort has concentrated on the modelling of refrigeration processes that change the temperature of the food such as chilling, freezing and thawing.  The purpose of a refrigerated transport system is to maintain the temperature of the food and appears to have attracted less attention from modellers.  This paper reviews what work that has been carried out specifically on the modelling of food temperature, microbial growth and other parameters in the transportation of food.
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1.	Introduction
Developments in frozen transport in the last century established the international food market.  In 1877, a cargo of frozen meat was sent from Buenos Aires to France [1].  The following year 5,000 frozen mutton carcasses were transported from Paraguay to France.  In 1880, the S.S. Strathleven arrived in London with a cargo of 40 ton of frozen Australia beef, the S.S. Dunedin followed in 1882 with mutton, lamb and pork from New Zealand, and by 1910 Great Britain was importing 600,000 tons of frozen meat.  However, Dellacasa [2] considers that the real advance and expansion of refrigerated transport by sea was linked to shipments of bananas in 1901.  Further developments in temperature controlled transportation systems for chilled products have led to the rapid expansion of the “fresh” food market.  The sea transportation of chilled meat from Australasia to European and other distant markets, and road transportation of chilled products throughout Europe and the Middle East is now common practice.  In 2002 is was stated that ‘Worldwide, there are at least 1 million refrigerated road vehicles and 400,000 refrigerated containers in use.’ [3] The retail value of the products transported was estimated to be 1200 billion US dollars.  As refrigerated transportation increases there has been substantial interest in improving energy consumption by reducing vehicle weight, improving insulation and changing distribution systems [4].
It is particularly important that the food is at the correct temperature before loading since the refrigeration systems used in most transport containers are not designed to extract heat from the load but to maintain the temperature of the load.  In the large containers used for long distance transportation food temperatures can be kept within ±0.5°C of the set point.  With this degree of temperature control transportation times of 8 to 14 weeks (for vacuum packed meats stored at –1.5°C) can be carried out and still retain a sufficient chilled storage life for retail display.
Modelling has been used quite extensively in the area of local delivery; however, unlike many food refrigeration processes the rest of the transport cold chain has not been extensively modelled.  In this review the use of modelling in food transportation together with investigations that provide useful data for future predictive modelling are covered. 
2.	Food transportation chain
Food is transported in many forms and by many means from farm/harvest to ultimate consumption.
2.1	Air transportation
Air freighting, is increasingly being used for high value perishable products meat products such as venison and Wagyu beef [5].  However, foods do not necessarily have to fall into this category to make air transportation viable since it has been shown that “the intrinsic value of an item has little to do with whether or not it can benefit from air shipment, the deciding factor is not price but mark-up and profit” [6].  There was a 10 to 12% per year increase in the volume of perishables transported by air in the 1990s [7].  Although air-freighting of foods offers a rapid method of serving distant markets, there are many problems because the product is unprotected by refrigeration for much of its journey.  Up to 80% of the total journey time is made up of waiting on the tarmac and transport to and from the airport.  During flight the hold is normally between 15 and 20°C.  Perishable cargo is usually carried in standard containers, sometimes with an insulating lining and/or dry ice but is often unprotected on aircraft pallets [2].
2.2	Sea transportation
Historically it was the need to preserve food during sea transport that lead to the development of mechanical refrigeration and the modern international trade in foodstuffs.  Recent developments in temperature control, packaging and controlled atmospheres have substantially increased the range of foods that can be transported around the world in a chilled condition.
Most International Standard Organisation (ISO) containers for food transport are either 6 or 12 m long, hold up to 26 tonnes of product and can be ‘insulated’ or ‘refrigerated’ [8].  The refrigerated containers incorporate insulation and have refrigeration units built into their structure.  The units operate electrically, either from an external power supply on board the ship, dock, or from a generator on a road vehicle.  Insulated containers utilise either plug type refrigeration units or may be connected directly to an air-handling system in a ship's hold or at the docks.  Close temperature control is most easily achieved in containers that are placed in insulated holds and connected to the ship’s refrigeration system.  However, suitable refrigeration facilities must be available for any overland sections of the journey.  When the containers are fully loaded and the cooled air is forced uniformly through the spaces between cartons, the maximum difference between delivery and return air can be less than 0.8°C.  The entire product in a container can be maintained to within ±1.0°C of the set point. 
Refrigerated containers are easier to transport overland than the insulated types, but often have to be carried on deck when shipped because of problems in operating the refrigeration units within closed holds.  On the deck they are subjected too much higher ambient temperatures and consequently larger heat gains which make it far more difficult to control product temperatures.  Containers are often stacked on top of each other and those on the top of the stack will be subjected to solar radiation.  There may also be problems on docks where often there are not enough power supply plug in points. It is difficult for ports to predict accurately the arrival of ships and the maximum number of refrigerated containers they need to cope with at any one time.
2.3	Land transportation
Land transportation systems range from 12 m refrigerated containers for long distance road, or rail, movement of bulk chilled or frozen products, to small uninsulated vans supplying food to local retail outlets or even directly to the consumer.  Some of the first refrigerated road and rail vehicles for chilled product were cooled by air that was circulated by free or forced systems, over large containers of ice [9].  Similar systems using solid carbon dioxide as the refrigerant have also been used for cooling of transport vehicles.  However, most overland vehicles for long distance transport are now mechanically refrigerated.  The rise in supermarket home delivery services [10] where there are requirements for mixed loads of products that may each require different storage temperatures is introducing a new complexity to local overland delivery.
There are substantial difficulties in maintaining the temperature of refrigerated foods transported in small-refrigerated vehicles that conduct multi-drop deliveries to retail stores and caterers.  In a survey carried by the authors it was found that during any one delivery run, the refrigerated product can be subjected to as many as fifty door openings, where there is heat ingress directly from outside and from personnel entering to select and remove product.  The design of the refrigeration system has to allow for extensive differences in load distribution, dependent on different delivery rounds, days of the week and the removal of product during a delivery run.
3.	Modelling approaches
Transportation is a varied subject and different aspects may be addressed.  In general models that address the prediction of heat and mass transfer during transportation can be divided in to those that consider the environment within the transport unit (usually in regard to the airflow) and those that concentrate on the temperature of the product.  Some models combine these aspects and deal with the temporal aspects of transportation: fluctuating ambient conditions, door openings, product removal/loading, etc.  Other models specifically address the affects of transportation temperatures on microbial growth and it’s influence on food safety.  Other aspects may also be addressed.
Long distance transport systems, whether by land or sea, may be considered simply mobile refrigerated cold-stores and share most of the same processes and mechanisms that occur in static facilities.  Therefore some of the modelling approaches applied for cold-stores can be considered relevant to transport systems with little change being required to the inherent model.  Such systems pass through a wide range of climatic conditions, and the affect of heat transfer between the outside air and the transport containers walls, solar radiation, and air infiltration from ambient into the vehicle cavity are particularly important.  One important difference between cold-stores and refrigerated transport systems are that transport containers are not static and conditions are affected by vehicle speed and orientation in relation to factors such as the sun. In local delivery apart from the problems already mentioned there is also intensifying demand from legislation and retailers for lower delivery temperatures, and heightened pressure on fleet operators to improve temperature control.  The computational fluid dynamics (CFD) techniques that have been used to model airflow in cold stores [11][12][13], and through cold store doorways [14][15][16][17] could be equally be applied to transport systems.
4.	Modelling of heat and mass transfer during transport
In general models that address the prediction of heat and mass transfer during transportation can be divided in to those that consider the environment within the transport unit (usually to do with the airflow) and those that concentrate on the temperature of the product.  Some models combine these aspects and deal with the temporal aspects of transportation: fluctuating ambient conditions, door openings, product removal/loading etc… 
4.1	Models of the environment in refrigerated transport units
In the 1990s when modelling refrigerated transport Comini et al. [18] states that they used as an alternative to the continuous analysis of coupled velocity and temperature fields, the average fluid velocities and the convective heat transfer coefficients estimated by standard engineering procedures.  The values were then used as input data in a finite element code that calculated the detailed temperature distributions in the solid and the bulk temperature variations in the fluid.  To demonstrate its use, a simplistic cargo distribution case was used where the widths of all the flow passages and the air velocities in the flow passages were all assumed to be the same.  Constant values were used for the thermal properties of the product and the air in the vehicle.  In preliminary calculations, it was shown that heat exchanges through the roof and floor of the container had a negligible effect on the air temperature in the container.  This was due to the high air circulation rate (approximately 0.7 ms-1) in the upper and lower plenum.  If the container was loaded with warm product (20°C), that did not generate internal heat, it was predicted that after 24 h the centre temperature of the product would be above 15°C when the air in the container was circulated at 5°C, 0.7 ms-1.  If the cargo generated heat the temperature would be above 17°C after 24 h. 
An integral differential-algebraic solver was used by Norwegian University of Science and Technology to develop a model to simulate the effect of pallet loading on the air distribution in reefer holds (shipping containers) under different conditions [19].  This model did not take into consideration the heat transfer from walls, packaging, ceiling and floor.
CFD has been used to investigate the optimisation of air distribution in refrigerated vehicles in order to decrease the temperature variation within the load space [20][21].  It has additionally been used to characterise the airflow generated by a wall jet within a long and empty slot-ventilated enclosure [22], a design stated to be extensively used in refrigerated transport.  Experiments were carried out on a scale model (1:3.3) of a trailer.  In the study, a second-moment closure, the Reynolds stress model (RSM) and two-equation turbulence models: the standard k- epsilon and a renormalization group (RNG), were tested, contrasted and compared with experimental data.  It was demonstrated that only the RSM model enabled detection of the presence and the localisation of separated flow and correctly predicted airflow patterns related to primary and secondary recirculation.  The work was extended to look at the effect of air distribution with and without air ducts on temperature difference throughout the cargo [21][23].  Air ducts removed the areas of stagnant air in the rear part of the load whilst reducing air movement at the front.  The predictions showed that air ducts would reduce the maximum air temperature from -16 to -20°C and reduce the overall temperature difference from 12 to 8°C.
Tso et al. [24] used a commercial CFD program to model the effect of door openings on air temperature within a refrigerated truck.  They carried out a series of experiments to study the effect of door openings with unprotected doors, with air curtains and with plastic strip curtains.  Two minutes after the door was opened the average air temperature was stated to have risen from -10°C to 14, 7 and 8°C respectively for the unprotected, air curtain and plastic strip situations.  The CFD simulations generally overestimated the temperature rises by between 3 and 4°C.  The difference was believed to be due to the effect of condensing water vapour in the experimental situation.
4.2	Models of heat and mass transfer in foods and packages during transport
Rushbrook [25][26] developed a simple one-dimensional model to represent heat flow into cartons of chilled meat in a standard mechanically refrigerated container.   He then used it to determine the effect of various types of control systems and measurement positions on return air, delivery air and meat surface temperatures.  Although the author stated that the model was limited he thought it useful in predicting that: 1) On/off action would be improved if the temperature sensor measured the air off the carton stack instead of the return air.  It would reduce overcooling of the product and temperature cycling.  2) Proportional control on the refrigeration capacity was more stable and gave an improved response over on/off action.  3) Temperature control was very sensitive to changes in system parameters.
Meffert advocates that a straightforward mechanistic-analytical model for the distribution of temperatures within a cargo can take account of all the most important influences. He developed a simple model for a steady state condition in 1976 [27] that was further developed [28][29][30][31] and relates the temperature drop across the air cooler in a refrigerated container with the range of cargo temperatures.  In 1998 he recommended that the method be applied to reefer containers and vehicles, storage rooms and retail cabinets [32]. 
Moureh and Derens [33] used CFD to model temperature rises in pallet loads of frozen food during distribution.  They specifically looked at the times during loading, unloading and temporary storage when the pallets would be in an ambient above 0°C.  Experiments were carried out with pallets of frozen fish blocks in a shaded loading bay (4°C, 80% RH) and an open bay (22°C, 50 RH).  The model took into account conductive and radiative heat transfer into the surface of the pallet but ignored condensation.  As would be expected fish in the top corners of the pallet showed the largest temperature rise.  In the shaded bay the predicted temperature rise after 25 min in the corner was 2.7°C compared with an average of 2.5°C experimentally.  In the exposed bay the corresponding figures were 6.4°C and 6°C.  As the authors point out, under European quick-frozen food regulations the fish must be distributed at -18°C or lower with brief upward fluctuation of no more than 3°C allowed within distribution.  In the case of the open loading bay the initial temperature of the fish would have to be below -25°C to keep it within the regulations.
There are stages in transportation where food is not in a refrigerated environment, i.e., in loading bays, in supermarkets before loading into retail displays, domestic transportation from shop to home, etc.  The transport of highly perishable produce by air is also often in unrefrigerated containers, or in containers passively cooled by water or dry ice.  During these processes the use of insulation can substantially reduce any temperature rise in the food.
The presence of an insulating cover on pallets can aid the delivery of thermo-sensitive food [34].  Studies showed that the presence of the cover increased the time taken for temperatures in the corner of the pallet to rise from 12 to 24°C from 1.5 to 5.5 h.  Ten mm into the load the time was increased from approximately 2 to over 8 h.
Insulation has a substantial effect on the temperature rise in food supplied direct to consumers by post.  Direct supply is a growing market brought about by the popularity of wed-based shopping.  Stubbs et al. [35] developed a numerical model for the length of time a foodstuff packed in an expanded polystyrene box with a gel coolant could remain below 8 or 5°C.  The model was based on a TLM (transmission line matrix) technique and is not described in detail.  As would be expected if the cold gel lined the top, sides and base of the box the time for the food to reach 5 or 8°C was substantially longer than with gel at the sides and top or just the top (Table 1).  Assuming that the product would be delivered within 24 h of posting this was the only configuration that would maintain the product below 8°C in ambients up to 30°C and below 5°C in ambients up to 25°C.
Simple numerical models have been used to identify the relative importance of different factors in the airfreight of perishable produce [5].  This showed clearly that some form of insulation was required around the produce, and that precooling of the produce before transportation was essential, while dry ice was unnecessary.  Interestingly studies carried out in 1972 on the air freighting of chilled lamb found that insulated boxes could maintain the lamb temperature below 4.5°C for 24 h if it was initial loaded at below -0.5°C [36].  Amos and Bollen [37] developed a simple model to evaluate the effect of pallet wrapping on the quality of asparagus during air transport.  Covering pallets with insulated blankets increased the shelf life by 0.5 to 0.7 days, while the use of a eutectic blanket increased shelf life by 3 to 3 days.  Finite difference models have also been developed to predict temperatures in pallets of perishable products during air transport [38], looking at effect of the handling of the pallets on the ground during loading as well as in the air.
4.3	Models of refrigeration performance during transport
Jolly et al. [39] developed a model to simulate the steady state performance of a container refrigeration system.  Sub-models were created on the key components: compressor, evaporator, condenser, and thermostatic expansion valve.  These sub-models were then coupled by appropriate mass and energy transfer relations to form the full model.  The model was shown to be within a ±10% agreement of experimentally measured data from cooling capacity tests conducted on a 2.2 m full-scale container housed in a temperature-controlled environmental test chamber.  Such a model is useful at looking the performance of different refrigerants in such systems, but being steady state cannot show the effect of dynamically changing external ambient conditions.
4.4	Combined models
A software model called ‘Censor’ has been developed to estimate cargo temperatures in refrigerated containers during normal and abnormal operations [40].  A three-dimensional finite element analysis is used to predict the change in temperature at specific positions within the container when subjected to varying control regimes and ambient conditions. Data is required on the configuration of the load; the initial temperature of the load and different parts of the containers structure; the thickness and U-values of the structure; dimensions of air spaces and total air flow.  Further data is required on the defrost interval; the type of reefer unit used; power on and off times; ambient conditions and on the types of food (17 different types of food can be selected).  Fixed or time varying ambient temperatures can entered or temperatures from vessel deck logs or met office records can be stored as look up files.  The software will simulate two control modes either modulated or on/off return air and allow for varying effects of solar heat on the sides and roof.  The linear air speed at any point in the container is calculated from the volume airflow rate and the relative distribution of air throughout the load.  Using the value of the local air velocity the air to surface heat transfer coefficient is calculated.  The software assumes a defined airflow pattern within the load space.  Three versions of Censor are available to simulate 1) block stowage with 300 discrete nodes arranged in 12 rows of 5 x 5 nodes per row; 2) 20’ pallet/batten storage with 375 nodes in 5 groups of 3 rows of 5 x 5 notes to simulate 5 rows of pallets; and 3) 40’ pallet/batten storage with 750 nodes in 10 groups of 3 rows of 5 x 5 notes to simulate 10 rows of pallets. Comparison and validation tests were carried out against published data on frozen herrings.  Data on the predicted error compared with the published data is provided for the minimum, mean and maximum temperatures at different times during the simulation for four fixed ambient conditions and a varying ambient.  For the fixed ambient conditions the maximum error of 3.9°C occurred in the maximum temperature predicted after 20 h in an ambient of 19.6°C.  Larger errors up to 5.5°C were reported in the fluctuating ambient temperature case.
One of the largest and most systematic attempts to predict the temperature of foods during multi-drop deliveries has been the CoolVan program in the UK [41][42][43][44].  Three main types of refrigeration system were identified; a conventional diesel driven unit, a hydraulic drive unit and a eutectic system.  Data on vans performance in commercial operation were obtained during seven separate delivery trips with two major food companies.  Then a test rig consisting of an insulated van body that could have different refrigeration systems attached to it and an interchangeable door configuration was construction.  Experiments were carried out to measure the heat ingress during door openings and the effects of insulated plastic strips in the doorway.  Infiltration of heat and moisture through the van body was quantified.  The vehicle air is at the centre of the heat transfer, acting as a heat transport between all surfaces in the vehicle (Fig. 1). 
At the end of the program development, the complete model was verified against measured data from a real delivery round.  Logged data included vehicle speed, ambient temperature, whether the sun was shining, the direction of travel, times that the doors were opened and closed, amount of time spent inside the vehicle by the operator and the amount of food removed at each stop.  The programme was found to be able to predict the mean temperature of the food in the vehicle with an accuracy better than 1°C at any time throughout the journey.  However, food temperatures within the vehicle actually varied by more than 5°C at any one time, due to the uneven temperature distribution within the vehicle.  The heat extracted by the refrigeration system during the journey is shown plotted against the thickness of insulation in Fig. 2.  Only a small thickness of insulation greatly reduces the amount of heat to be extracted, the amount decreasing with the reciprocal of the thickness of insulation.  In all cases van and food temperatures were maintained at less that 5°C. The heat extracted from a poorly sealed van was 86% more than from a well sealed van.  However, infiltration during the time that the door is closed is a relatively small proportion of the total refrigeration load.  In a vehicle, fitted with a nominal 2 kW cooling system, the state of the seals did not cause the temperature of the food to increase to more than 5°C during the journey.  The heat extracted from a closed van is very small (Fig. 3 however, door openings greatly increase the heat load.  The heat extracted by the refrigeration system is 4 times greater if the food is loaded at 7°C than if it is loaded at 0°C (Fig. 4). As the length of the journey gets shorter while the number of drops remains the same the heat entering the van during the stops must be extracted in shorter time intervals between each stop.  The rate of heat extraction therefore varies inversely with the length of the journey (Fig. 5).  It is easier to maintain food temperatures on long journeys than when there are a large number of stops with little time spent travelling between each stop.
5.	Modelling of microbial growth during transport
The main purpose of maintaining good temperature control during refrigerated transport is to decrease the rate of microbial growth and hence maintain the safety and eating quality of the food.  There are many microbial growth models that could be applied to modelling the growth of microorganisms in food during transport [45][46][47], such as the freely available Pathogen Modelling Program (http://ars.usda.gov/Services/docs.htm).  However, relatively few studies appear to have been published specifically on this subject.  Even fewer of these have looked at the fully integrated approach of combining dynamic microbial growth modelling with heat and mass transfer models that can model the characteristics of a food distribution system.
A simple combined heat transfer and microbial growth model was developed by Almonacid-Merino and Torres [48] to evaluate the effects of temperature abuse during distribution.  However, the finite difference heat transfer model for heat transfer in rectangular containers was not specifically designed to model transport conditions only to predict the effect of external temperature fluctuations on product temperatures.
Other studies have integrated microbial growth models with recorded temperature data.  Gill and Philips [49] measured the temperature in deep tissues and the surfaces of beef sides transported by rail and beef hindquarters transported by road from western North America to markets in the east of the continent.  Three batches were monitored in each of 10 rail consignments from 1 plant, and in each of 5 road consignments from each of 2 other plants. The surface temperature histories were integrated with respect to a model describing the dependency on temperature of the rate of growth of psychrotrophic pseudomonads.  Product was transported for periods ranging from about 4 to about 7 days. Calculated proliferations ranged from 8 to 21 generations.  The findings indicate that in well-managed refrigerated railway wagons, the storage life of hanging beef can approach the possible maximum.  However, the refrigeration capabilities of road trailers cannot compensate for the deleterious effects on storage life of the current practice of loading warm carcasses.
The safety of the chill chain is now being assessed using an approach based on actual risk evaluation at important points of the chill chain in order to promote products to the next stage of distribution [50].  The evaluation called the Safety Monitoring and Assurance System (SMAS) is based on a product's time-temperature history, variation in its characteristics (e.g. aw, pH, etc.), and the use of predictive models for the growth of food pathogens.  It is claimed that this approach gives priority to products in such a way that risk at consumption time is minimized.  Two decision points are used to apply the SMAS approach.  At the first decision point, the main distribution centre, products are sent to either the local market or a distant export market based on product’s risk.  At the second point, products are divided into 3 groups for successive stocking of display cabinets.  The products with the highest risk being used first.
An alternative method is the Shelf Life Decision System (SLDS) [51].  This is a chill chain management tool that is claimed to produce an optimised distribution of quality at consumption time.  It integrates kinetic models of food spoilage, data on initial quality and continuous measurement of the products temperature history using a Time Temperature Integrator (TTI).  At each stage of the chill chain stock rotation is based on a ‘least shelf life remaining first out’ principle rather than the standard ‘first in first out’ (FIFO).  Using the SLDS system with an exported fish product was claimed in one example to reduce the probability of unacceptable fish at consumption from 20% with FIFO to less than 1% with the SLDS.  TTI have been used for many distribution and transport applications and their use and history in modelling described in detail by Taoukis [52].
The safety of the multi-temperature small vans used for home deliveries has been investigated by Estrada-Flores and Tanner [53].  Recorded temperature histories were integrated with mathematical models to predict growth of pseudomonads and Escherichia coli.  Their results showed that product temperatures were such that pseudomonads could grow, but that less than half the temperatures measured were suitable for the growth of E. coli.  The thermal behaviour of the food products inside the van was strongly influenced by the loading period.  The authors high-lighted the requirement for TTIs to be coupled with models that describe the dynamic behaviour of spoilage and pathogenic bacteria.
A similar approach was adopted by James and Evans [54] looking at domestic transport from the supermarket to the home.  Temperature histories were recorded instrumentally and integrated with mathematical microbial growth prediction models.  This work showed the importance of a cool box in transported refrigerated products home.  Ambient temperatures around un-insulated products rapidly rose to approaching 40°C during a 1 h car journey theoretically resulting in up to 1.8 generations in growth in bacterial numbers.
6.	Other transport factors that have been modelled
Although the main modelling emphasis has been on temperature control other factors have also been modelled.  For instance, the perception of road congestion and problems of slow average speeds are of concern to operators of refrigerated vehicles [55].  Approximately 1200 managers of all types of trucking companies operating in California were contacted.  More than 80% of these managers consider traffic congestion on freeways and surface streets to be either a “somewhat serious” or “critically serious” problem for their business.  A structural equations model (SEM) was estimated on these data to determine how five aspects of the congestion problem differ across sectors of the trucking industry.  The five aspects were slow average speeds, unreliable travel times, increased driver frustration and morale, higher fuel and maintenance costs, and higher costs of accidents and insurance.  The model also simultaneously estimates how these five aspects combine to predict the perceived overall magnitude of the problem. 
Chatzidakis and Chatzidakis [56] state that some of the alternatives proposed for checking the energy efficiency of in-service and second hand refrigerated transport equipment are incomplete and can give incorrect results.  Consequently, there is an increase in energy consumption and environmental pollution.  Modelling has been used to investigate the performance of chambers developed to test systems for transporting perishable foodstuffs in accordance with the United Nations ATP agreement [57].  Using a transient finite difference model, a simulation was developed for a modern ATP test chamber and a typical refrigerated vehicle to be tested.  The same authors also modelled the isothermal tanks that are widely used for transport of perishable liquid foodstuffs like milk, wine, juice etc [58].  They state that “testing of a multi-compartment isothermal tank presents special difficulties in comparison to the testing of a refrigerated truck because of the number of compartments that have to be measured”. 
To be able to make predictions of the performance of a refrigerated vehicle, information is required on its overall heat transfer coefficient through the container.  This can be measured experimentally but is a long process taking 3 days to test a vehicle in the laboratory [59].  More rapid methods have been used, using finite difference methods assuming a steady state [60], or more complex methods that don’t neglect the unsteady temperature distribution in the insulating material, but take longer (“8 to 11 h”) [59].  Heat transmission through the structure of the holds of ships has also been modelled, taking in to account the geometrical complexity of the structure [61].
In general models are mathematically based.  However, simulation has also been used to predict the effect of other transportation features.  Using a physical simulation of the vibrations likely in a transportation operation, den Herog-Meischke [62] found that meat with a low intrinsic water-holding capacity was more sensitive i.e. drip increased, than meat with a high intrinsic water-holding capacity.  However, the authors state that the effect of transport was not sufficient to give increased drip loss in large meat blocks.  Vibration during the transportation of fresh fruit and vegetables is thought to be more important than impacts as a source of damage [63].  It was found that for some frequencies between 5 and 30 Hz, the top box of a stack vibrated considerably more than the middle and bottom boxes.  Acceleration levels in trailers fitted with air-ride suspension systems were typically 60% of that with steel-spring suspension.
Models have also been developed to study the effect of moving cargoes on vehicle stability.  Articulated vehicles are often used in the transport of oscillating cargoes for example refrigerated vehicles for the transport of meat.  Cargo movements within articulated vehicles present the greatest potential risk of road accidents.  Mantriota [64] developed a mathematical model for the dynamic study of articulated vehicles carrying suspended cargoes that are assumed to be identical and uniformly distributed.  A mathematical model of the articulated vehicle was developed that, in comparison with the case of a fixed cargo, has only two further degrees of freedom.  The model identified a range of critical speeds and frequencies.
Thermodynamic models have also been used to aid the development of alternative refrigeration systems for road transportation.  Spence et al. [65] used a simple model to help in the initial development of an air cycle refrigeration unit.  The unit developed was the same physical size and power as the conventional unit but in its unoptimised state it consumed far more power.  Further analysis [66] demonstrated that the air-cycle system could potentially match the overall fuel consumption of the conventional refrigeration unit while offering other benefits associated with a refrigerant free system.  Equations have also been developed [67] to show that there can be considerable differences in the refrigeration performance of nominally similar transport refrigeration units when vehicles engines are idling i.e. when the vehicles are moving slowly or stationary. 
7.	The future
In comparison with the modelling of other refrigeration processes, such as chilling and freezing, refrigerated transport has received far less coverage.  This may be because it is considered to be similar to cold storage and thus a relatively static condition.  This is a shame since in reality it is a complex interactive system.  To be able to predict accurate heat transfer, and thus temperatures, in food products in a refrigerated transport container a model needs to include:
	Heat transfer between the outside air and the containers walls.
	Solar radiation on the outside surfaces of the containers walls, including radiation reflected by the ground.
	Conduction through the walls.
	Heat transfer between the containers walls and the refrigerated air.
	Heat transfer between the containers fittings and the refrigerated air.
	Heat transfer between the food and the refrigerated air.
	Conduction within the food.
	Air infiltration from ambient into the containers cavity: Either through door openings when the door is open for food unloading or through any gaps around the door and in the containers structure when the door is closed.  The later is related to external air speed (vehicle speed) if the container is on a moving vehicle when the door is closed.
	Heat removed from the air by the refrigeration system.
These different aspects require different approaches.  There are also factors that can change substantially with time due to weather conditions, time of day, and movement of the vehicle or ship through different climatic zones.  A model should therefore be able to model the dynamic effect of these changes on the temperature of the food being transported and the energy that has to be extracted by the refrigeration system.  Ideally, since the idea is to preserve food this should also be linked to dynamic microbial growth models.  As of yet, no single computer program has been developed that combines all of these different aspects.
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Fig. 1.  Diagram of the mathematical model used in Coolvan showing the flows of heat and journey information.


Fig. 2.  Heat extracted by refrigeration plant during a simulated journey with different insulation thicknesses.


Fig. 3.  The rate of heat extract from the van, averaged over the periods when the vehicle is moving, as a function of the number of stops the van makes.


Fig. 4.  The heat extracted by the refrigeration plant during the standard journey when the food is loaded at different initial temperatures.






Time for warmest predicted point to rise above 5 and 8°C under 3 packaging configurations [35]






A refrigerant packs at top, B packs at top and sides, C packs at top, sides and bottom.
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